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Background: In the last decade, multiple diffusion tensor imaging (DTI) studies have revealed changes in 
the microstructure of white matter in bipolar disorder. The results are poorly replicated and 
inconsistent, however, with some authors suggesting a predominance of alterations in fronto-limbic 
white matter. Preliminary reading of the literature suggests that white matter changes as revealed by 
DTI may be more widespread throughout the brain. Two extant reviews have each been limited by 
including all affective disorders or by a methodology which ignores tracts and discards potentially 
meaningful data. This background in the review includes a detailed exposition of the main DTI 
techniques and shortcomings. 
Aim: The review aims to determine whether certain white matter tracts are affected preferentially in 
the brain, as opposed to more diffuse white matter involvement. It also aims to determine if there is an 
anterior-posterior gradient of abnormalities.  
Method: This review systematically collates data relating to tract involvement as demonstrated by DTI, 
as well as data regarding anterior-posterior distribution of abnormalities. Medline and EMBASE 
databases are searched systematically to select original papers comparing a bipolar group with healthy 
controls, using DTI, in adults, and reporting at least fractional anisotropy (FA).  Subject, scan and analysis 
characteristics are extracted. Details of affected tracts are collated, as is the y-axis (anterior/posterior) 
of the most affected (“peak”) voxels.  
Results: Results are tabulated and represented graphically, displaying the distribution of tracts most 
commonly affected, as well as the anterior/posterior distribution in the brain.  
Discussion: The discussion includes a qualitative summary of the findings. The difficulty of performing a 














Bipolar disorder (BD) is a common disabling condition characterised by episodes of mania, depression or 
mixed mood symptoms. The marked changes in mood, energy, motivation, judgement, attention and 
biological rhythms characteristic of mood episodes are accompanied by subtle but persistent inter-
episode deficits in working memory, attention and impulsivity (1). The pathophysiology of BD remains 
poorly understood, though structural (2, 3) and functional (4) imaging have revealed regional brain 
differences compared to healthy controls. Abnormalities of frontal cortical control of limbic systems 
have been suggested (5), which may account for emotional dysregulation as well as some executive 
deficits. Subtle abnormalities of white matter may be responsible for this relative functional 
disconnection between cortical, limbic and other brain regions (6). 
 
Diffusion-tensor imaging (DTI) is a modern extension of MRI technology particularly suited to examining 
the microstructure of white-matter, as it is sensitive to the direction and speed of water diffusion in 
tissues. By measuring the average diffusion of water in a voxel from at least six directions, diffusion-
weighted imaging can work out the eponymous “tensor”, a mathematical construct with six variables, 
for each voxel. From the diffusion-tensor, one can deduce the most common values reported in DTI 
studies. Mean diffusivity (mD) is a scalar value reflecting the mean amount of water diffusion in any 
direction within a voxel. Fractional anisotropy (FA) is a measure of the diffusion anisotropy, or the 
tendency of water to diffuse preferentially along one axis within a voxel. FA is a scalar value varying 
from zero - perfect isotropy as may be found in cerebrospinal fluid, to one - perfect anisotropy, which 
indicates diffusion in one direction only. An FA of one is thus a theoretical maximum and never realised 
in the brain. White matter (WM) typically has the highest anisotropy ranging from 0.3 to 0.8, as water 
diffuses more easily longitudinally along axons rather than across them (7). Grey matter usually has 
some degree of anisotropy, though less than WM. FA is the most commonly reported metric in DTI 
studies, as it is assumed to contain the most information about the microstructural integrity of WM. 
However, the exact interpretation of changes in FA remains unclear (8). Other metrics reported in DTI 
studies are axial and radial diffusivity, reflecting the degree of diffusion parallel to and perpendicular to 
the principle axis of diffusion respectively. These measures, especially when combined with FA and 
mean diffusivity, may aid in clarifying the mictrostructural tissue changes responsible for changes in FA 
(9, 10). Since diffusion in DTI is measured as the mean over a whole voxel, which may have a volume of 
8-27 mm
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of tissue microstructural features. Myelination, axon diameter, axon membrane integrity, oedema, fibre 
coherence or fibre crossing all contribute to anisotropy and changes in measured FA may be due to any 
combination of these factors (8, 11, 12). 
 
DTI data may be analysed in different ways, each with their own strengths and weaknesses. The simplest 
method is a “region-of-interest” (ROI) approach, where DTI measurements such as FA are averaged over 
a predefined area in the brain. Thus, ROI methods are hypotheses driven, but ignore the rest of the 
brain, leading to potential confirmation bias. Results from ROI studies are also critically dependent on 
exact ROI definition and placement (13), making comparison between studies difficult. Analysing the 
whole-brain on a voxelwise basis is statistically more challenging, but these voxel-based analyses (VBA) 
have superseded ROI studies in BD. VBA studies report cluster of contiguous voxels which are 
statistically significantly different. Most VBA studies report the coordinates of a “peak-voxel” where the 
difference is greatest, and many studies label the tracts which most likely impinge on the affected 
clusters. In both ROI and VBA studies, it may be difficult to correctly identify or isolate changes to a 
specific tract, as clusters may be irregular in shape, be located in areas of many crossing tracts, or 
overlap more than one tract. Tract-based spatial statistics (TBSS) is a whole-brain analysis method which 
compares only the core of the white matter tracts, or skeleton, common to most of the subjects in the 
study (14). Results are thus reported as thin clusters of contiguous voxels located in the centre of white 
matter tracts. Labelling these tracts is often facilitated in this manner, but is still imperfect as a single 
white matter core may carry fibres from multiple different tracts. The final commonly used method of 
analysis is tractography, which defines a ROI along most of the volume of a tract, using the principle 
direction of diffusion in each voxel to track fibres probabilistically. (For more detailed discussions of the 
technology of DTI imaging and strengths and limitations of analysis methods, see the supplementary 
material.) 
 
DTI has been used to examine possible WM changes which may contribute to the pathophysiology of 
BD. All four analysis methods have been applied, but results have generally been poorly replicated and 
















Existing Reviews of the Literature 
 
Vederine et al. (15) performed a meta-analysis of whole-brain voxel-based DTI studies using anatomical 
likelihood estimation (ALE) analysis to locate clusters of most consistently reported altered FA. Starting 
from the observation that peak voxels are merely estimates of the location of real peak differences 
between subjects, ALE takes the coordinates of a set of peak voxels and calculates in a statistically 
defensible manner the likelihood that they are randomly distributed in the brain (16). If the co-ordinates 
are not randomly distributed, ALE will generate cluster(s) indicating the likely underlying abnormality. 
For DTI studies of BD patients, Vederine et al. (15) analysed the peak voxel co-ordinates of clusters of 
decreased FA from ten whole-brain studies. Two significant clusters of decreased FA were identified, 
both on the right side. The first cluster was located close to the right parahippocampal gyrus posteriorly, 
with tractography from that cluster implicating various long association tracts. The second cluster was 
close to the right anterior and subgenual cingulate cortex, implicating the inferior fronto-occipital and 
uncinate fasciculi as well as forceps minor. Tractography from both clusters was performed on a single 
subject’s DTI scan, and the authors recommend caution in interpreting the tractography results. In 
addition, ALE only takes account of the coordinates of the peak-voxel of each cluster, ignoring cluster 
size, shape, sign and absolute value.  
 
Sexton et al. (17), in their systematic review of DTI studies in affective disorders (including major 
depression), found consistently reduced FA in frontal and temporal regions and tracts in patients 
relative to controls. They also performed a meta-analysis limited to nine papers with ROI placed “in or 
adjacent to the superior frontal gyrus”. Results showed significant decreased FA in this region compared 
to healthy controls. Sexton et al. caution that the results and methodologies of the source studies were 
significantly heterogeneous, and demonstrated likely publication bias. Both Vederine et al. and Sexton 
et al.  focussed on FA rather than other measures of diffusivity, as FA was routinely reported in contrast 
to other diffusion measures. 
 
Heng et al. (18) did a qualitative systematic review of DTI studies in bipolar disorder including studies up 
to July 2009, noting that white matter changes are widespread but are most consistent, with decreased 
FA usually, in the frontal and prefrontal lobes. Brambilla et al. (19) in their discursive review, concluded 












(cingulum bundle and uncinate fasciculus), inter-hemispheric connectivity (corpus callosum) and fronto-
parieto-temporal connections (superior longitudinal fasciculus). 
 
Motivation for review 
 
While limbic and frontal tracts in anterior WM are thought to be most affected in BD, in line with 
theories of emotion dysregulation (5, 20, 21), there has not yet been a systematic review which 
specifically examines whether these tracts are more consistently and more robustly affected than other 
tracts. Indeed, it is unclear whether certain classes of tracts – association, projection or commissural – 
are preferentially affected. ROI studies focussing on frontal WM (22-25) and corpus callosum (26-28) are 
over-represented, leading to potential confirmation bias as other WM areas are less studied. Knowledge 
of the regional distribution of WM changes, particularly if tract specific, may provide clues to their 
aetiology and pathogenesis. A further possibility is that there is anterior-posterior gradient of WM 
changes, affecting anterior brain regions more than posterior ones, as has been robustly demonstrated 
in normal aging (29). If this were so, then not only anterior tracts, but also anterior regions of long 
association and commissural tracts, would be preferentially affected. 
 
In this systematic review we aim to identify which white-matter tracts, if any, are most consistently 
implicated by changes in anisotropy in bipolar disorder. We collate and summarise unbiased data 
without a priori assumptions from whole-brain VBA and TBSS studies. We supplement these findings 
with data from tractography studies, as although tractography does make a priori assumptions regarding 
areas studied, it has the best face validity regarding involvement of whole tracts. No previous reviews 
have systematically quantified tract involvement in BD. We also aim to demonstrate the presence or 
absence of an anterior-posterior gradient in anisotropy changes. Our main hypothesis is that certain 
tracts are implicated more frequently and consistently than others. Our secondary hypothesis is that 
anterior brain regions are affected more consistently than posterior.  Both hypotheses are suggested by 
recent reviews of the DTI literature in bipolar disorder (15, 17). While we would have liked to investigate 




















The Pubmed/MEDLINE and EMBASE databases was systematically searched using the strategy 
((“bipolar” OR “mania” OR “depression”) AND (“DTI” OR “diffusion tensor”)) for papers published up to 
June 2012. In addition, reference lists of included studies were hand searched for suitable papers. 
Papers had to meet the following inclusion criteria: (1) be published in English in a peer-reviewed 
journal, (2) be about bipolar disorder, (3) contain original data from an original study (not a review), (4) 
compare a bipolar disorder group with a healthy control group (both bipolar I and II or unspecified were 
accepted), (5) subjects to be diagnosed using a validated diagnostic schedule according to DSM-IV or 
ICD-10 criteria, (6) use DTI as the imaging methodology, and report differences in fractional anisotropy, 
(7) subjects should be 18-65 years old. 
 
As in previous reviews of DTI studies in bipolar disorder, we limited our analysis to the fractional 
anisotropy (FA) results, as other measures of diffusivity were reported too infrequently to allow useful 
comparisons. Abstracts were screened by two reviewers independently to assess for study inclusion, 




For the whole-brain VBA studies, each significant reported cluster was grouped according to the tract 
most likely involved, using the author’s tract labels as supplied in each paper. Where more than one 
tract is named, the cluster was classified as involving all mentioned tracts (ie: one cluster can be 
included under more than one tract). Where only co-ordinates of peak-voxels are given without tract 
names, the co-ordinates will be entered into FSLView (www.fmrib.ox.ac.uk/fsl/fslview/) and labelled 
according to the supplied JHU White Matter Atlas. If the atlas cannot produce tract labels with at least 
25% certainty for at least half the clusters in the study, the paper was excluded from the quantitative 
review. For the whole-brain TBSS studies, tract names as supplied were used. Where a single study used 
both TBSS and VBA analysis on the same subjects, the TBSS results took precedence as these are more 
likely to accurately identify tracts. Some papers report results both before and after correction for 













For each affected tract in turn, we report how many studies report abnormalities in the tract, and the 
direction of the FA changes. In addition, following Schmahman and Pandya (30)(cited in (29)), we classify 
the tracts into their broad functional groupings (association, commissural, projection) and count how 
often these groups are reported to be affected. For the whole-brain studies we record the anterior-
posterior co-ordinates, on the Talairach-Tournoux template, of the peak voxel of all significant clusters. 
For tractography studies we record which tracts were investigated and the significance and direction of 






Systematic search of databases revealed abstracts of 208 English papers on 31 July 2012, which were 
reduced to 15 whole-brain studies using DTI to compare FA between bipolar patients and healthy 
controls in adults (Figure 1). Details of the 10 VBA studies (n=251) and the 5 TBSS studies (n=138) are 
shown in tables 1 and 2. Five papers used tractography in adults.  Ha et al. (31) included only subgroup 
analyses of BDI and BDII patients compared to c ntrols, of which we used the BDI results only as this 
subgroup is closer to the core bipolar disorder phenotype. Wessa et al. (32) do not include tract labels, 
and the coordinates of peak voxels are located peripherally in grey matter, making identification with 
FSLView impossible. These clusters are thus excluded from the tract analysis but included in the 
anterior-posterior analysis. Lu et al. (33) note that multiple association, commissural and projection 
tracts are affected in their study, but provide no labels or coordinates, so these results are excluded 
from both analyses, leaving 14 papers. 
 
Subject and scan characteristics 
 
Patient characteristics were heterogeneous along multiple dimensions, and no particular patient group 
could be considered wholly “typical”. Table 1 shows the clinical features of the subject groups and 
highlights where each group differs notably from the other studies. High heterogeneity of subject 
characteristics in terms of diagnosis, chronicity, clinical state, substance histories and genetic loading are 












controls by age and gender. Four papers stratified patient groups by lithium use (34), bipolar subtype 
(31, 35) or clinical state (36). For this review, the results from the non-stratified patient groups are used 
if available, as the combined groups are larger and more representative of the other papers’ subjects.  
Versace et al.  (37) and Zanetti et al. (36) used largely overlapping patient groups, but as each paper 
used a different analysis method both papers are included. 
 
Scanning sequences in all studies were similar, though parameters such as voxel size, number of 
gradient directions and magnet strength differed between studies (Table 2). Notably, Bruno et al. (38) 
used much larger voxels which tend to report lower FA values in areas of crossing fibres and may be 
more sensitive to macroscopic differences in tract architecture rather than microscopic differences in 
axonal packing and myelination (39). 
 
All of the fourteen whole-brain studies reported FA (as a requirement for inclusion in the review). In 
addition, five studies reported mean diffusivity, one apparent diffusion coefficient, four radial diffusivity, 
and three axial diffusivity. These supplementary measures of diffusivity, while informative about 
underlying pathology in individual studies, were inconsistently applied and did not allow for 




The 14 whole-brain studies found a total of 51 significant clusters and 60 tract implications (Table 4, a 
single cluster could implicate more than one tract.). Despite using similar statistical analysis and 
thresholding, cluster characteristics varied greatly between studies. Each study contributed between 
one and eight clusters, though one study (40) using TBSS did not find a single significant cluster between 
bipolar subjects and healthy controls. Notably, this study was primarily comparing bipolar patients who 
did or did not have a history of suicide attempt, and the comparison with healthy controls was not the 
main aim. The largest clusters reported by each VBA study varied from 128 voxels to 13876 voxels (36, 
41), a more than 10-fold difference, despite using the same voxelwise threshold for significance. Most 
studies (10/14) found only regions of decreased FA relative to controls, two studies found regions of 
both increased and decreased FA, and one study found only regions of increased FA. (For brevity and 
clarity, in this report all FA results are reported relative to the healthy control group. So “decreased FA” 













In the whole-brain analyses as a group there were more clusters of decreased FA than increased FA (34 
vs 17, ns). However the TBSS studies were significantly more likely to find increased FA than the VBA 




All clusters from the nine VBA studies were supplied with tract labels and are included in the tract 
frequency analysis. Eleven VBA clusters implicated more than one tract. In the TBSS studies, two clusters 
from Chan et al. (42) and all seven clusters from Wessa et al. (32) did not have tract labels reported and 
FSLView was unable to supply labels from the peak-voxel co-ordinates. These nine unlabelled clusters 
are thus omitted from the tract frequency analysis. Notably, Wessa et al. was the only study to show 
increased FA relative to controls in all reported clusters.  
 
In the VBA studies, tracts of all three main classes – commissural, association and projection – were 
implicated similarly, with most clusters demonstrating decreased FA (figure 2). 
 
In the four TBSS studies, tracts of all three main classes are also implicated, though the pattern of tracts 
affected differs from the VBA studies (figure 3). The long association tracts (SLF, ILF, FOF) which are 
prominently represented in the VBA findings are not present in the TBSS, whereas the opposite is true 
for the posterior thalamic radiations. There may be artefactual reasons for these differences between 
VBA and TBSS findings which will be discussed later.  TBSS identified a significantly greater proportion of 
areas of increased FA, and this finding would be even more significant had the seven unlabelled 
significant tracts of Wessa et al. (32) been included. 
 
In the tractography studies, only certain tracts were investigated, so the absence of any entry on the 
chart merely signifies that there is no tractography data for that tract (figure 4). In the tracts which were 
investigated, findings of decreased FA were localised to uncinate fasciculus and anterior thalamic 
radiation, while other tracts found no significant differences. 
 













After conversion of all peak-voxel coordinates to Talairach Space, the y-values signifying anterior-
posterior position were plotted as shown in Figure 5. The density of peak voxels cannot be inferred 
directly from the figure, as correction must be made for the volume of WM in which the voxels are 
found. If a tract were larger more anteriorly then even with uniform distribution of peak voxels one 
would expect to find more affected voxels anteriorly. To our knowledge there is no published data of 
mean WM or tract volumes over the antero-posterior extent of the brain. It is thus difficult to quantify 
the extent of possible A-P gradient in a statistically defensible manner. We can however make some 
observations. 
 
After correcting for duplicate tracts implicated by the same cluster, there are 20 clusters anterior to the 
anterior commissure, 18 clusters between the anterior commissure and the posterior edge of the 
midline corpus callosum, and 13 clusters posterior to the corpus callosum. There does not appear to be 
any clear antero-posterior gradient of altered FA when peak voxels from the whole brain are considered 
together. The corpus callosum seems to have predominantly anterior involvement. Commissural fibres, 
projection fibres and association fibres are all implicated by alterations in FA. There does not appear to 
be a predilection for any particular class of tract.  
 
DISCUSSION   
 
Our analysis shows that all major classes of white matter tracts are implicated by alterations in FA in 
bipolar disorder. Furthermore, voxel-based and tract-based whole-brain analyses both implicate all 
classes of tract, though the pattern of specific tracts implicated differs by analysis method as shown in 
figures 2 and 3. Specifically, the long association tracts are implicated in VBA analyses but not by TBSS. 
The anterior and superior thalamic radiations are implicated by VBA, whereas TBSS rather finds 
significant alterations in the posterior thalamic radiations. The cingulum is implicated by half of TBSS 
studies but only 1/9 of VBA studies. Possible reasons for these discrepancies will be discussed below. 
 
There are differences in how often individual tracts are implicated. For example, the ATR, SLF and other 
large tracts are each implicated by at least four papers, while the PCT is only implicated by one cluster in 
a single paper, and some important tracts, such as the arcuate fasciculus, are never implicated. This may 
be because the larger tracts are more severely affected by pathology in bipolar disorder, or it may be 












analyses are usually thresholded to exclude smaller clusters, thus it is plausible that thinner smaller 
tracts would be less likely to achieve significance with an equivalent degree of FA alteration. This effect 
is exaggerated by partial-volume effects which affect thinner tracts especially (43). There is a close 
correspondence between how often tracts are implicated by VBA, and the volumes of selected tracts as 
measured using tractography (44). Second, a labelling bias might favour tracts which are larger and 
more anatomically consistent, as atlases tend to emphasize the constant or average anatomy of 
representative subjects at the expense of normal variability, especially of smaller tracts (45). During 
manual labelling, larger more conspicuous tracts in atlases may be favoured over smaller ones when 
cluster size and shape do not exactly match a known tract. It is not possible to correct for these 
confounders statistically, as reliable estimates of tract volumes for all major tracts are not yet available 
(44, 46), and labelling bias is subjective.  
 
Thus although some of the larger tracts are implicated more frequently than smaller tracts, these 
findings are consistent with the hypothesis that white matter alterations are diffuse and widespread 
rather than tract-specific in bipolar disorder.  
 
Even the most consistently implicated tracts are not robust and often demonstrate conflicting results. 
The most consistently implicated tract in VBA analyses, the anterior thalamic radiation (ATR) is 
implicated in five out of nine papers, but shows both increased and decreased FA. The ATR is one of the 
largest WM tracts (44), and with diffuse WM involvement one would expect it to be most affected.  In 
the TBSS studies, the posterior thalamic radiation is most consistently implicated, but only in two out of 
four studies, each with opposite findings (37, 42). Lin et al. (21) hypothesised that the main tracts 
mediating frontal cortex connectivity (ATR, UF, SLF, cingulum, and inferior FOF) were preferentially 
affected in bipolar disorder, but demonstrated this only in the ATR and UF using tractographic analysis. 
In this review, the frontal cortex tracts hypothesised by Lin et al. are all implicated by at least two 
papers, though so too are the inferior longitudinal fasciculus and the superior and posterior thalamic 
radiations, which are not involved in frontal cortex connectivity (46). Similarly, Benedetti et al. (20) in 
their novel tractographic analysis of seven tracts between amygdala and other limbic areas, found 
decreased FA only in the fibres from SGC to amygdala (UF). (They did find other diffusivity abnormalities 
such as increased mean diffusivity in some other tracts, however.) No clear evidence for alterations of 
FA in frontal over non-frontal white matter tracts, nor indeed in limbic affective tracts over non-limbic 













It is possible that alterations in diffusivity are widespread in the brain and not localised preferentially to 
specific tracts. The dependence of DTI results on issues of ROI placement suggests that underlying 
diffusivity abnormalities, if present, are likely to be subtle (Kanaan 2006). In the case of schizophrenia, a 
larger, well-powered VBA study (Kanaan 2009) revealed widespread diffusivity abnormalities which had 
been inconsistently and patchily revealed by smaller studies, leading the authors to suggest that WM 
changes may be widespread and subtle, accounting for the mixed findings of smaller studies. Diffuse 
rather than localised WM changes might be due to alterations in myelination genes, as has been posited 
in schizophrenia (Davis 2003) and bipolar disorder (Sprooten 2009).  
 
Although frontal cortical tracts may not be specifically implicated when considered along their whole 
length, it is possible that anterior regions of white matter are affected more than posterior in bipolar 
disorder. Such an anterior-posterior gradient of changes in FA has been well demonstrated in normal 
aging (47, 48). However, our analysis of peak voxel co-ordinates revealed an even distribution from 
anterior to posterior. This even distribution held for projection and association fibres separately. 
However the corpus callosum, the main commissural bundle, seemed to be implicated more anteriorly 
than posteriorly, and demonstrated consistently decreased FA compared with controls (figure 5). 
 
Overall this analysis of tract involvement suggests that WM abnormalities, as demonstrated by altered 
FA, are not reliably or consistently limited to particular tracts in bipolar disorder. The poorly replicated 
and varied findings of individual studies undermine confidence in their interpretation and their 
extrapolation to bipolar disorder patients in general. Whereas robust WM changes might be relatively 
impervious to study desig , more subtle changes may interact with analysis technique and subject 
characteristics to influence the location, size, distribution and direction of abnormalities, as has been 
suggested in DTI studies of schizophrenia (Kanaan, 2006; Melonakos, 2011). In this review, the 
widespread FA changes coupled with inconsistencies between studies suggest that WM abnormalities, if 
present, are likely to be diffuse and subtle. 
 
The difference in findings between VBA and TBSS analyses is notable. VBA analyses include all voxels of 
the white matter, including peripheral areas of architectural complexity and fibre crossings, while TBSS 












coherent. Differences in findings between the two methods are thus not surprising, and may contain 
clues to the underlying pathology. 
 
VBA studies tended to locate clusters of decreased FA in long association tracts which were not found 
with TBSS. However, in general TBSS analyses identified a significantly greater proportion of clusters 
with increased FA compared to VBA. This is an unexpected post-hoc finding, and needs to be replicated 
in different subject groups. For an example of this effect, Versace et al. (37) and Zanetti et al. (36) 
analysed data from largely overlapping subjects. Zanetti et al., using VBA, found clusters of decreased 
FA, whereas Versace et al., using TBSS, found clusters of mostly increased FA, in different areas. Note 
that Zanetti et al. did find clusters of increased FA when limiting their analysis to the acute depressed 
subgroup only. 
 
Tract-specific differences in findings between different analysis methods may further illuminate the 
nature of the anatomical abnormalities. The cingulum, for example, was identified by two out of four 
TBSS papers with decreased FA, but was only implicated by one of the nine VBA papers, nor was any 
significant difference found in the single tractography study which included the cingulum. This suggests 
that there may be localised abnormalities in the core of the cingulum, which may be too thin be pick up 
on VBA studies, which typically have a cluster size-threshold of 50 voxels. Further, the non-significant 
tractography finding, which necessarily takes the mean over the majority of the tract, suggests that 
abnormalities may involve the tract unevenly. This is partly corroborated by the ROI study of Wang et al. 
(49) which found FA abnormalities in the anterior but not the posterior cingulum. Conflicts remain, 
however, as the TBSS studies re iewed here located abnormalities in the posterior cingulum rather than 
anterior.  
 
TBSS and VBA analyses also implicate projection tracts in different areas of the brain. VBA studies found 
(conflicting) alterations in FA in the anterior projection fibres, while TBSS studies found alterations 
mostly in the posterior projection fibres. It is unclear why these methods locate FA alterations in 
different projection fibres, though it may be related to differences in tract thickness, coherence and 
inter-individual variability which affect registration differently between the two analysis methods (45).  
 
The uncinate fasciculus, connecting orbitofrontal cortex to anterior temporal limbic structures, is the 












regulation (5). Of the four tractography studies involving the uncinate fasciculus, three found 
significantly decreased FA in bipolar compared to controls, though surprisingly this tract was only 
implicated by two VBA and one TBSS studies (31, 37, 41). In contrast to the tractography studies, the 
TBSS study found mostly, but not exclusively, increased FA. The uncinate fasciculus may not have been 
implicated in many whole-brain studies as it is relatively small in volume (44).  
 
Our observation of significant differences between VBA and TBSS findings with respect to direction and 
location of FA changes, and the examples cited above, serve to emphasise that VBA and TBSS identify 
different aspects of white matter pathology. Opposite FA measurements between TBSS and VBA may 
not necessarily be conflicting, even in the same patient group, but should rather be viewed as 
complementary methods of analyses (36, 50). 
 
Bipolar disorder is not a homogenous condition. Type I and Type II differ in genetic liability, gender 
distribution, clinical severity and presence of psychosis (51). Psychosis in bipolar disorder has genetic 
overlap with schizophrenia (52, 53), and may be associated with more severe neurocognitive deficits 
(54, 55). Familial liability to bipolar disorder has been associated with abnormalities in WM structure in 
the absence of clinical disorder (56, 57). Medication may have effects on DTI measures, though perhaps 
less than has been previously imagined (58). Length of illness, age, use of substances and current clinical 
state may all complicate DTI results (34, 47, 59). 
 
Although most reviewed studies included only bipolar type I patients, four studies included mixed 
bipolar groups. Liu et al. (35) compared bipolar type I and type II in a subgroup analysis and found 
localised differences in FA i  the ATR, anterior SLF and posterior cingulum. They suggest that there may 
be distinct neuropathological substrates for bipolar type I and type II, which would weaken or confound 
studies combining the two subtypes. 
 
Two VBA studies limited their analyses to Type I bipolar patients with a 1
st
 degree family history of 
bipolar disorder and a history of psychosis (41, 56). Both studies identified clusters of decreased FA in 
anterior association fibres and anterior corpus callosum, with Sussman et al. finding in addition 
decreased FA in regions of anterior and superior thalamic radiations. In addition, Chaddock et al. found 












correlated with decreased FA, suggesting that reduced FA might be a marker of genetic liability to 
bipolar disorder. Genetic liability thus becomes another source of heterogeneity in the reviewed studies. 
 
Clinical state robustly affects functional connectivity between prefrontal and anterior limbic regions  in 
bipolar patients (60), but it is unclear whether this is mediated by changes in white matter 
microstructure or synaptic transmission. Although changes in diffusivity as measured by DTI are thought 
to be primarily mediated by passive structural rather than active physiological characteristics, it is 
possible that localised inflammation with increased extra-cellular water content may alter diffusion 
characteristics relatively acutely (11). In addition, there is some evidence of minor hyperacute changes 
in mean diffusivity related to neuronal activation (61). 
 
In their subgroup analysis comparing depressed and remitted patients, Zanetti et al. (36) found that 
abnormalities in FA were limited to the depressed subgroup. Zanetti et al. thus suggest that there are 
state-dependent microstructural white-matter changes in bipolar disorder. If this hypothesis is correct, it 
may be that some subtle state-dependent WM changes are diluted to non-significance in the clinically 
mixed patient groups reviewed here. Of the three whole-brain studies which controlled for clinical state, 
two found no correlation with diffusion variables (34, 62), and one found a negative correlation 
between mean FA and scores on the Hamilton Depression Rating Scale (41). Since at least four of the 
reviewed studies found significant FA differences in remitted euthymic patients, it is likely that 
abnormalities are not limited to acutely depressed patients. The findings of state-related diffusivity 
changes should ideally be replicated in longitudinal studies of bipolar patients. 
 
Medication effects, in particular lithium use, may influence gross anatomical findings. In a recent mega-
analysis, lithium was found to predict increased volume in hippocampus and amygdala (63). While all 
papers in our review used patients taking mixed or unspecified medication, Benedetti et al. (34) did a 
subgroup analysis comparing depressed patients taking lithium only to those taking no medication. They 
found differences in FA were limited to the lithium group, with no differences in FA between the 
medication-free group and controls. (Note however that they did find some differences in radial and 
mean diffusivity in the medication-free group.) No other studies analysed medication-free patients, so 
the finding is not yet replicated. However, in the three whole-brain studies which controlled for 
medication use, mood stabilisers were associated with decreased FA in only two clusters (37), there was 












association with lithium dose in the third study (32). The findings suggest a possible, though non-robust, 
influence of lithium use on diffusivity findings. It is also possible that medication choice and load may 
correlate with illness severity. 
 
Structural MRI studies in bipolar disorder have suggested an association between illness chronicity and 
brain changes such as  accelerated age-related decline of grey matter volume, increased amygdala 
volume, and decreased caudate and cerebellar vermis size (64). It is possible that illness chronicity may 
affect DTI measures as well, although to our knowledge no studies have directly addressed this.  The 
adult studies reviewed here included only patients with chronic illness, with the exception of Chan et 
al.’s (42) TBSS study  and Chen et al.’s (65) VBA study which used first episode remitted and manic 
patients respectively. Both studies found decreased FA in the posterior projection fibres, in contrast to 
increased FA in the same fibres found in chronic patients by Versace et al. (37) using TBSS. Chan et al.’s 
patient group were somewhat atypical however, in that their mean age was similar to patients in other 
studies despite their first-episode status. Apart from the use of a later-onset bipolar group and 
differences in substance use history, there are no obvious scanning or methodological differences which 
may account for the difference in direction of FA findings. This raises the possibility that microstructural 
WM characteristics, as measured by FA, may change during the course of the illness. 
 
Substance abuse history is also likely to be a significant confounder, as white matter changes on DTI 
measures have been found in alcoholism (59, 66), abstinent methamphetamine users (67, 68), current 
methadone users (62), and adolescent cannabis users (69). Though most of our reviewed studies 
excluded patients with substance abuse histories, four studies included patients with substance abuse 
histories, which may accou t for some of the discrepant findings. 
 
Thus, there are many confounding patient factors which may affect DTI results independent of bipolar 
diagnosis. Subject heterogeneity between and within the reviewed papers may account for poorly 
replicated results and lack of statistical power, respectively. Future studies would benefit from narrower 
bipolar phenotypes and larger sample sizes, as has been suggested in reviews of structural MRI in 

















We have shown that the available DTI studies in bipolar disorder demonstrate varied and poorly 
replicated results, with changes in fractional anisotropy involving all major classes of tracts with no 
predilection for anterior or posterior white matter. Our method has some limitations however. 
 
This systematic review was qualitative rather than quantitative. The important confounder of tract size 
and architecture is likely to influence labelling by virtue of ease of achieving threshold cluster size, and 
relative prominence and consistency in atlases leading to labelling bias. These factors are very difficult to 
correct for statistically, undermining the validity of significance tests. To our knowledge there are no 
atlases available which report the volume of every candidate white matter tract. 
 
The accurate identification of tracts implicated by clusters of significant voxels in VBA studies is not 
guaranteed, and has been previously criticised (13, 14). First, clusters do not usually line up neatly with 
tract edges as portrayed in atlases, but more often cross multiple tracts, making it unclear which tract or 
tracts are contributing to the abnormality. Second, tracts have intrinsic inter-individual variability, 
especially as they approach peripheral white matter (45), which is not accounted for by current 
registration and statistical techniques. There are thus large areas where tract labelling must necessarily 
be probabilistic. Third, along with inter-individual variability, tract architecture changes as tracts 
approach the periphery, becoming less coherent and more complex as the fibres spread out towards 
their ultimate destinations (46, 71). Fourth, a single anatomical tract may contain bundles of separate 
functional tracts which travel together for part of their course. For example, many association fibers 
project through the external capsule, and projection fibers pass through the anterior limb of the internal 
capsule. Similarly, in more anterior WM regions association fibers merge with the projection, thalamic 
and callosal fibers, and can only be disentangled using recent tractographic techniques (44). Thus, 
clusters of altered FA in these anatomical tracts or regions cannot be attributed to any specific fibre 
bundle using current cluster-based methods. Acknowledging the caveats regarding tract identification 
and implication, we used tract labels as supplied by the authors in their papers, which is likely to be the 
best estimate, using all information available to them, of which tracts are involved. 
 
Even if we can confidently suggest that a cluster involves part of a tract, it is unclear whether it is 












the tract is incorporated in the cluster, which varies greatly between studies. For example, in our review, 
some clusters implicating anterior projection fibres extended widely from caudal to rostral (62) while 
some remained circumscribed in central white matter (72). Other studies demonstrate that 
extrapolating diffusivity measures from cluster to tract gives inconsistent results (13, 72).  
 
TBSS analyses are theoretically better at localising changes to those tracts which form the common 
white-matter skeleton of most subjects in a group. However, the limitation that an individual anatomic 
tract may contain multiple functional fibre populations remains. Interestingly, in our review the only 
clusters which were not labelled came from TBSS studies, suggesting that construction of tract skeletons 
by TBSS does not always follow labelled tracts from white-matter atlases. 
 
This review was also limited as we did not consider other measures of diffusivity such as mean, radial or 
axial diffusivity. These measures may illuminate the nature of underlying WM changes contributing to 
alterations in FA (11). However, the next most commonly reported measure, mean diffusivity or 
apparent diffusion coefficient, was reported in only five of the fourteen studies reviewed. In addition, 
the analysis method for non-FA measures was inconsistent, with studies using both voxelwise (38) as 
well as a posteriori ROI analysis of significant clusters (72). Where FA and non-FA measures were both 
subjected to voxelwise analysis, clusters of altered FA did not necessarily match up with clusters of 
altered non-FA diffusivity. Bruno et al. (38) suggest that this dissociation between FA and non-FA 
measures may be due to low resolution with consequent loss of sensitivity for small structures inherent 
in voxel-based studies. Regardless of the reason, it is unclear how to interpret changes in non-FA 
diffusivity in the absence of changes in FA. Given that the non-FA results did not appear to be any more 
consistent than our reviewed FA results, we did not consider that we could generalise from such meagre 
non-FA data. 
 
In our anterior-posterior analysis, we used the y-coordinates of the peak affected voxels as a proxy 
measure for the mean location of a cluster. We note that some clusters are large and irregular in shape, 
and peak voxel is not truly representative of the extent of the cluster. If there were any systematic 
deviation in peak voxel location relative to the cluster, for example if peak voxels tend to occur in the 
posterior region of clusters, then our method would be biased. We cannot think of a mechanism which 















Available whole-brain DTI studies of bipolar disorder in adults produce varied and poorly replicated 
results. When analysed according to tracts implicated, all major classes of tracts are affected similarly. 
Using the available published whole-brain DTI data, there is no clear evidence that frontal or limbic WM 
tracts are affected preferentially in bipolar disorder. Rather, tracts appear to be affected throughout the 
brain. Additionally, there appears to be no anterior or posterior preference when clusters are 
considered together. Larger tracts appear to be implicated more frequently, consistent with a 
generalised diffuse WM abnormality. The anterior thalamic radiation is most often implicated, but only 
in five out of nine VBA and one out of four TBSS studies. 
 
Different DTI analysis methods, such as VBA, TBSS or tractography, provide different types of anatomical 
information, and produce different DTI results. Although this precludes a meta-analysis, each analysis 
method provides useful complementary information which, if used together, may allow additional 
insight into the location and nature of anatomical changes. Similarly, other DTI measures of diffusivity, 
such as mD, radD and axiD, may provide complimentary information and facilitate interpretation of FA 
changes. Future DTI studies in bipolar should attempt to integrate these various measurements and 
analysis methods into a coherent picture. When considering tract involvement, we suggest that future 
whole-brain studies attempt to quantify how much of a given tract is affected, and whether proximal or 
distal (“stem or spray”) tract is most affected. 
 
There are many confounders which may contribute independently to alterations in white matter 
microstructure. The current inconsistencies between studies may be partly attributable to differences 
between patient groups. Individual studies should strive to use homogenous well-characterised patient 
groups. Some confounders, such as the effect of illness chronicity, number of affective episodes, and the 
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• excluded 1 German, 2 Chinese, 1 Japanese - none relevant
55
•About bipolar disorder
• excl. unipolar depr., other diseases, neurosurgery, DTI method
41
•Original study
• (exclusions included reviews, editorials, opinions)
38
•Compare bipolar group to healthy controls
• exclusion of "at-risk" or genetic studies
36
•using DTI and reporting FA
• did not report on FA
26
•Subjects aged 18-60 years
• excluded 8 adolescent and 2 elderly groups
27
•One paper added from reference lists 
15
•Whole brain studies (10 VBA, 5 TBSS)











Table 1: Subject characteristics - whole-brain adult DTI studies 
% mean Chronicity % Comorbidities / exclusions 
Study Analysis n Diagnosis 
(years) 
Clinically Meds 
Lith. men age Psych Subst Medical other 
Bruno 2008 VBA 36 36 39 mixed (25 BDI, 11 BDII) 13.8 N/A mixed 63 
nil psych co-
N/A 
nil HI, med or 
morbid neural hx 
Versace 2008 TBSS 31 35 36 BDI 12 
remission & depress 
mixed 55 
nil border-
32% hx subst ab/dep 
nil HI, med or 
combined line PD neuro hx 
Mahon 2009 
VBA/ 
30 50 33 
mixed (25 BDI, 5 other) 
N/A N/A N/A N/A N/A 
30% hx subst ab/dep, nil brain 
Tract unclear if current disorder 
Zanetti 2009 VBA 37 35 34 BDI 11.6 
depressed / rem itted 
mixed 32 
nil border- 37% hx subst ab/dep, 
nil neuro or HI 
subgroupst line PD ni l current 
Sussman 2009 VBA 42 52 40 BDI (75% w psychosis) 18.3 remission mixed 57 N/A N/A N/A 
+ve fam hx 
(I' BD) 
Chaddock 2009 VBA 19 47 43 BDI w hx psychosis 15.6 remission mixed 47 
1 pt w hx ni l dep in last year, 1 
nil neuro or HI 
+ve tam hx 
panic only pt w hx alc dep (I' BD) 
Wessa 2009* 
TBSS/ 
22 50 45 mixed (unspecified) 22 
outpatients, v stable 
mixed 45 
1 pt w panic 
ni l abuse or dep hx 
nil neura, some 
VBA in remission only vase risk factors 
Liu 2010 VBA 27 33 35 BDI/BDII subgroupst 8.4 outpatients mixed 14 N/A ni l abuse or dep hx N/A 
Benedetti 2010 TBSS 40 25 46 BDI 16.4 depressed 
lithium / no meds 
65 nil Axis 1 ni l abuse or dep hx 
nil med or neuro 
subgroupst hx 
Chan 2010 TBSS 16 75 37 BDI (1" episode) 0.2 remission 
mixed - recently 
37 nil psych hx ni l abuse or dep hx N/A 
started 
Cui 2011 VBA 18 56 28 BDI 4.8 manic in-patients 
mixed - 3-7 months 
N/A N/A ni l abuse hx 
nil neUrD, med +ve tam hx 
non-compliance orHI (1' or 2' BD) 
Ha 2011 VBA 12 25 37 BDI 13.3 remission mixed 66 N/A ni l abuse hx 
nil neuro or 
signi!. med hx 
Chen 2012 VBA 18 100 32 BDI (1" episode) 4.2 manic in-patients 
mixed - 3-7 months 
N/A nil Axis 1 ni l abuse hx 
nil neuro or med +ve tam hx 
non-compliance hx (1' BD/MDD) 
Mahon 2012 
TBSS/ 
29 62 34 BDI (14 with suicide att.) N/A remission mixed N/A 
anx. & eating 
27% subst use disord N/A 
VBA dis. in 12/29 
Atypical subject characteristics compared to other subjects are highlighted in light pink. *Wessa (2009) excluded from tract analysis, included in anterior-posterior analysis. 
N/A: not mentioned in text 
t Where papers studied subgroups, this review used results from the combined group. 
HCs: healthy controls 
HI: head injury leading to unconsciousness 
ob: substance abuse (incl. alcohol) 
dep: substance dependence (incl. alcohol) 











Table 2: Scan and analysis characteristics - whole-brain adult DTI studies 
Pixel dimensions Pixel volume Directions b value 
voxelwise cluster size 
Study Analysis Reported 
n 
Tesla Sequence significance threshold 
BD vs He (mm) (mm3) (sec/mm2) 
(p value) (voxels) 
Bruno 2008 VBA FA,mD 36 vs 28 1.5 diffusion- weighted EPI 4x4x5 80 7 0-700 N/A N/A 
Versace 2008 TB55 FA, radD, axiD 31 vs 25 3.0 single-shot spin EPI 2.5 x 1.6 x 3 12 6 850 P < 0.001 5 
Mahon 2009 VBA/Tract FA, radD, axiD 30 vs 38 1.5 spin-echo single-shot EPI 1.7x1.7x5 13.9 25 1000 P < 0.001 50 
Zanetti 2009 VBA FA,mD 37 vs 26 3.0 spin-echo single-shot EPI 1.6 x 1.6 x 3 7.7 6 850 P < 0.001 50 
Sussman 2009 VBA FA 42 vs 38 1.5 single-shot spin-echo EPI N/A N/A 51 1000 P < 0.001 N/A 
Chaddock 2009 VBA FA 19 vs 18 1.5 EPI 2.5 x 2.5 x 2.5 15.6 64 1300 P < 0.05 
permutation-
based method 
Wessa 2009 TB55NBA FA,mD 22 vs 21 1.5 EPI 1.9 x 1.9 x 2 7.2 41 700 
P < 0.001 (TB55) 1 (TB55) 
P < 0.05 (VBA) 70 (VBA) 
Liu 2010 VBA FA 27 vs 21 1.5 spin-echo EPI 2.0 x 2.0 x 2.2 8.8 13 900 P < 0.001 50 
Benedetti 2010 TB55 FA, mD, radD 40 vs 21 3.0 spin-echo EPI 2.1 x 2.7 x 2.3 13 35 900 TFCE TFCE 
Chan 2010 TB55 FA, radD, axiD 16 vs 16 3.0 single-shot EPI 2.1x2.1x3 13.2 15 800 P < 0.001 5 
Cu i 2011 VBA FA 18 vs 30 3.0 single-shot spin-echo EPI 1.9 x 1.9 x 3 10.5 15 1000 P < 0.001 50 
Ha 2011 VBA FA, ADC 12 vs 22 1.5 single-shot spin-echo EPI 2x2x3 12 15 600 p < 0.001 40 
Chen 2012 VBA FA 18 vs 27 3.0 single-shot spin-echo EPI 1.9 x 1.9 x 3 10.5 15 1000 P < 0.05' 50 
Mahon 2012 TB55 FA 15 vs 15 1.5 spin-echo single-shot EPI 2.5 x 2.5 x 2.5 15.6 21 1000 P < 0.05 
permutation-
based method 
TFCE: Threshold-free cluster enhancement I FA: fractional anisotropy I ADC: opparent diffusion coefficient 
EPI: echoplanar imaging mD: mean diffusivity a - 'false discovery rate" with corrected threshold of p <0.05 



























Table 4: Cluster characteristics by analysis method – whole-brain studies 
 No. of 
studies 
Clusters per study 
(mean,range) 
 Significant clusters with tract labels 
(suitable for frequency analysis) decr FA incr FA total 




 27 27 




 24 15 
total: 14  34 17 51 42 


















CC: corpus callosum (including forceps minor and major); Cing: cingulum; SLF: superior longitudinal fasciculus; ILF: 
inferior longitudinal fasciculus; FOF: frontooccipital fasciculus; UF: uncinate fasciculus; ATR: anterior thalamic 
radiation; STR: superior thalamic radiation (including external capsule); PTR/SS: posterior thalamic radiation or 
sagittal stratum; PCR: posterior corona radiata. Note: In the whole-brain studies, number of implicated tracts may 
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inferior longitudinal fasciculus; FOF: frontooccipital fasciculus; UF: uncinate fasciculus; ATR: anterior thalamic 
radiation; STR: superior thalamic radiation (including external capsule); PTR/SS: posterior thalamic radiation or 
sagittal stratum; PCR: posterior corona radiata. Note: In the whole-brain studies, number of implicated tracts may 

















Key: Circles and diamonds represent the peak voxels from VBA and TBSS studies respectively. Solid blue indicates 
decreased FA, shaded pink indicates increased FA. 
Note: Where a cluster implicates more than one tract, the peak voxel y-axis coordinate may be plotted more than 
once under different tracts. For example, the peak voxel at y=36 is plotted both with corpus callosum and with 
















Diffusion Tensor Imaging and Biological Tissues 
 
Technology of DTI 
 
Diffusion Tensor Imaging uses a conventional MRI scanner, though the scan sequence is modified by 
applying a pair of pulsed magnetic field gradients before each image acquisition. The magnetic field 
gradients are of the same strength and duration, but with reversed gradients, and separated by 
sufficient time to allow for diffusion of water. Water molecules are thus effectively “labelled” by the 
magnetic gradient pulses. The molecules which do not diffuse along the direction of the magnetic 
gradient are perfectly re-phased by the second pulse and produce a strong MRI signal. However, the 
molecules which do diffuse along the direction of the magnetic field gradient are imperfectly re-phased 
by the second pulse, and produce a weaker MRI signal proportionate to the degree of diffusion. Thus the 
signal is sensitive to the degree of diffusion along the direction of the magnetic field gradient. By 
imaging the same tissue slice repeatedly with magnetic gradients from varying directions, information 
regarding water diffusion in all three dimensions can be obtained. Diffusion information from at least six 
gradient directions are required to calculate a diffusion tensor for each voxel, representing the rate and 
direction of diffusion along a primary and two secondary orthogonal axes (73). 
 
The utility of DTI comes from the fact that the normal diffusion of water molecules probes tissue 
microstructure at a resolution unattainable by any method of direct tissue imaging (73). In tissues where 
diffusion of water is similar in all directions, such as brain grey matter or cerebrospinal fluid, diffusion is 
described as relatively isotropic. In tissues where diffusion is mostly restricted in one direction, such as 
white matter or muscle, diffusion is described as anisotropic. 
 
DTI measures of diffusivity 
 
The diffusion tensor derived from scanning can be analysed in three main ways to provide qualitatively 
different but complimentary information on local diffusivity (8). First, mean diffusivity characterises the 
overall average displacement of water molecules in all directions, providing an indication of general 












anisotropy, provides an indication of the degree to which diffusion may be greater in some directions 
compared to others. This value gives a clue to the presence and coherence of oriented structures. It is 
also a scalar value. Third, the axis of principle diffusion can be calculated, providing a clue to the 
direction of orientation of the barriers to diffusion. This value is a vector in three dimensions, and in 
white matter is usually interpreted as the predominant direction of fibre tracts in a voxel. 
 
Other related values may also be derived from the tensor, and have been used in an attempt to clarify 
the tissue mechanisms contributing to observed changes in anisotropy in certain conditions, such as 
bipolar disorder (37, 42, 72). Axial and radial diffusivity reflect the diffusivity parallel to and 
perpendicular to the direction of the principle axis of diffusion, respectively. These values are thought to 
reflect diffusion predominantly within axons (axial), verses diffusion predominantly across axons and 
myelin and in extracellular fluid (radial). There is some evidence in furry rodents that increased radial 
diffusivity reflects predominantly dysmyelination, and decreased axial diffusivity reflects predominantly 
axonal damage (9, 10). 
 
The diffusion tensor can be conveniently visualised as a three-dimensional ellipsoid shape, representing 
the degree of projected displacement of water molecules from a point in the tissue. For isotropic 
diffusion, the ellipsoid is spherical. For more anis tropic diffusion, the ellipsoid may be elongated along 
one dimension, like a cigar, or flattened along one dimension, like a saucer. Both of these tensor shapes 
may tell us something about the characteristics of underlying tissue architecture. 
 
In DTI studies, fractional anisotropy (FA) is the most commonly reported measure of diffusivity. It is 
defined as a ratio of sum-of-squared differences in diffusivity in three orthogonal directions, over the 
sum-of-squares of diffusivity in the same three orthogonal directions, and represents the proportion of 
total diffusivity attributable to anisotropy. As such, it varies from 0 (complete isotropy, as may be 
expected in cerebrospinal fluid) to 1 (complete anisotropy). In practice, FA in the brain varies from about 
0.2 (in grey matter) to 0.8 (in parts of white matter) (7). 
 
Tissue contributions to anisotropy 
 
Fractional anisotropy in white matter, as measured by DTI, is dependent both on the microscopic 












together.  The exact mechanisms and relative contributions of cellular and extracellular structures to 
diffusion impedance and anisotropy remain unclear (8), but certain empirical observations are relevant. 
On a microscopic cellular level, the majority of anisotropy is contributed by the axonal cell membrane, 
with the myelin sheath probably playing an important modulating role (8). That is, unmyelinated axons 
compared to myelinated axons typically demonstrate only a 20% decrease in measured anisotropy (11).  
Axon diameter also plays a role when comparing axons of widely differing diameter (11), though the 
relevance of this to WM in the brain is unclear. Other potential cellular barriers to diffusion, such as 
microtubules and intracellular organelles contribute minimally to anisotropy. Active axonal transport 
similarly has little effect on measured longitudinal diffusion. Experimental evidence thus indicates that it 
is the spatial organisation of membranes which primarily contribute to anisotropy (8). 
 
In addition to diffusion anisotropy on the microscopic level, there must be a degree of coherence and 
directionality in the macroscopic structure of the tissue for anisotropy to be measured in a voxel. An 
individual voxel in DTI typically has volume of 8-27 mm
3
, thus incorporating thousands of axons and 
extracellular material. Measured diffusion is an average over all these elements. It is only the regular 
coherent arrangement of axons into bundles of parallel fibres which permits the measurement of 
anisotropy by DTI (12). Changes in measured FA may thus be due to changes in fibre coherence, for 
example where WM tracts cross each other. Increased extracellular space, or lower fibre density, may 
also contribute to decreased anisotropy (34).  
 
Differences in scanning parameters interact with tissue architecture to influence measured FA. Larger 
volume voxels, for example, will tend to contain more heterogeneous fibre populations than smaller 
voxels. Since measured FA is a measure of average diffusion in a voxel, larger voxels will tend to report 
lower FA than smaller voxels for equivalent tissue. Smaller voxels will tend to contain more coherent 
fibre populations, so a higher resolution scan may produce higher measured FA values for exactly 
equivalent tissues (12). This difference will be most pronounced in areas of architectural complexity. 
Thus FA values are dependent on voxel size, which in turn is related to scanning parameters and magnet 
strength. As a corollary, the type of tissue changes likely to be picked up by DTI studies between groups 
is sensitive to voxel volume. Scans with larger voxels may be more dependent on fibre coherence for 
measured FA, while scans with smaller voxels may be more dependent on axonal integrity and 













In summary, DTI does not distinguish between microscopic cellular and macroscopic structural 
contributions to measured FA, so a clear biological interpretation of changes in FA can be difficult. 
Nevertheless, changes in FA are interpreted as reflecting some alteration in WM anatomy, whether it be 
due to neuronal injury or changes in myelination, axon diameter or fibre coherence. In some instances 
where neuronal architecture is likely to be constant, relative changes in radial and axial diffusivity may 
give an indication of the nature of the underlying neuronal pathology (9, 10). The routine interpretation 
of FA as a measure of WM integrity  is thus an oversimplification (12). 
 
 
DTI Analysis Methods 
 
DTI brain images have been analysed in various ways, each with their own strengths and weaknesses. 
 
ROI Methodology and Limitations 
 
Early DTI studies of bipolar patients from 2004 used a “region-of-interest” (ROI) approach, in which the 
mean FA value (or other measure of diffusivity) is measured over a circumscribed area of white matter 
chosen in advance. There are many ways of selecting and placing the ROI, some of which may isolate a 
predefined geometric region (circle or cube, for example), and some of which may attempt to isolate 
parts of specific tracts.  ROI’s may be delineated manually by tracing or measuring, or automated 
according to anatomical landmarks. The more sophisticated ROI technique using tractography is 
described later. 
 
After the mean FA in the ROI is calculated for each subject, values are averaged to provide a group-
mean FA value which can be compared to another group using Student T-test. 
 
ROI approaches are statistically simple, and regions can be chosen a priori based on their hypothesised 
relation to, and involvement in, the disorder of interest. The rest of the brain volume, however, remains 














Although conceptually simple, more recent work has shown that results from manual ROI placement are 
somewhat unreliable due to dependence on subtle methodological differences (13, 15). Apparently 
minor changes in shape, size, or placement of the ROI may lead to different and even conflicting results, 
even in a relatively easily identified and apparently homogenous tract like the genu of the corpus 
callosum (13). 
 
In complex areas of white matter, such as the frontal lobe or corona radiata, it may be impossible to 
identify which tracts impinge on a ROI, and whether they are coherent or crossing. In general, normal 
variability in tract anatomy will make it difficult to consistently isolate individual tracts across subjects, 
especially when ROI’s are placed by measuring from landmarks rather than underlying WM anatomy. 
These problems are exacerbated by the smoothing of diffusivity images, which lowers resolution and 
increases partial volume effects. These problems of contamination, tract identification and partial 
volume effects may be minimised by placing the ROI in the centre, or stem, of well-defined tracts (14). 
 
Two approaches are commonly used to define the ROI in bipolar DTI studies, both attempting to isolate 
equivalent WM regions in an reliable objective manner. The first approach uses measurements from 
constant anatomical landmarks, such as the anterior commissure, to define a geometrically shaped ROI 
in white matter (22, 23).   In some cases stereotaxic co-ordinates are used to place the ROI (25).  The 
second approach uses the subject’s reference diffusion- or T1-weighted MRI image to place the 
geometrically-shaped ROI directly in a specified white matter tract (24, 26, 28, 74). The third approach 
uses manual tracing of colour-coded tensor maps to define a ROI which follows the contours of a tract 
like the corpus callosum or cingulum (27, 49). Many studies report good reliability using their method of 
ROI definition, but methodological differences should prompt caution when comparing results between 




Tractography methodology and limitations 
 
An alternate method of overcoming the traditional ROI difficulties of consistently and accurately 
localising tracts, is to identify the whole tract using automated DTI fibre-tracking  (21, 75-77). The hope 












consideration of tracts along more of their length. Since tractography does not require inter-subject 
image registration, the problems of misregistration are avoided. 
 
Fibre-tracking makes use of the principle diffusion axis derived from the diffusion tensor, to estimate the 
predominant direction of the fibres in each voxel. Starting from a seed ROI or voxel, the tract is 
incrementally plotted from voxel to voxel by following the principle diffusion axis (78, 79), until the fibre 
direction changes abruptly (more than a specified angle) or the FA of the voxel becomes less than a 
specified value, typically 0.2. These termination criteria ensure that only voxels which are likely to be 
part of the tract are included in the ROI mask. Usually the tract is defined as including all fibres which 
pass through two seed-regions of interest, such as orbital prefrontal cortex and anterior temporal cortex 
if one wanted to track the uncinate fasciculus (Houenou 2007, McIntosh 2008, Wang 2009, Lin 2010). 
White-matter anatomy as delineated by DTI tractography has been validated against gross anatomy as 
demonstrated by traditional dissection (44).  However, it should be noted that there is demonstrable 
inter-individual variability in tract architecture, more evident in extended areas of tracts, such as the 
thalamic radiations (45, 80). 
 
Tractography defines the ROI more reliably than traditional ROI methods (81), though still depends 
critically on the placement of seed-regions in relation to surrounding architectural complexity (13, 82). 
Tractographic ROI’s are larger than and have less variance of intra-group mean FA’s than smaller 
traditional ROI’s, allowing for more statistical power. Notably, because the tract is considered along 
most of its length (until FA falls below 0.2), and includes regions where fibres begin to fan out and lose 
coherence, the mean FA from a tractographic study is likely to be less than that from a traditional study 
where the ROI may be placed in the more coherent “stem” of a tract (13). The interaction between tract 
architecture, measured FA, and fibre-tracking termination conditions suggests a potential bias towards 
including the regions of tracts which are less complex and more coherent, while excluding regions of 
tracts which are less coherent with lower measured FA. Fibre-tracking may end prematurely due to 
decreased FA if fibres become more dispersed or are contaminated by crossing fibres. Fibre-tracking 
may be inaccurate especially in areas where populations of differently oriented fibres cross, leading to 
falsely reconstructed fibres, as well as false negatives when thinly spread fibres diverge from the main 
tract (82, 83). If there is a systematic difference between groups in tract architecture (as may be due to 
inter-group differences in tract coherence or number of crossing fibres), this may bias results as less of 












there is no systematic difference in the volume and length of tract masks between groups (13, 44, 84). 
Similarly, tractography is more susceptible than traditional ROI to partial-volume effects and biases 





Traditional voxel-based analyses: methodology and limitations 
 
Voxel-based analyses (VBA) consider the whole brain, performing a voxel-wise comparison between 
subject images and control images. This operator-independent process is unbiased regarding a priori 
assumptions about affected areas, and is particularly suitable when changes may be diffuse or where 
there is no clear a priori hypothesis (13). Statistical analysis is more complicated than with ROI studies 
however, as the large number of voxel-wise comparisons must be corrected for. This is usually done by 
setting a high threshold of statistical significance for each voxel. In addition a specified number of 
contiguous voxels is required to reach statistical significance, so controlling for isolated spurious voxels 
due to noise. These “clusters” are typically thresholded to consist of at least 50-100 contiguous 
significant voxels. 
 
Voxel-based analyses rely on exact registration and normalization of the diffusivity images, as 
corresponding voxels in all images from both groups should represent exactly the same area of anatomy 
(14). Tracts of white matter are potentially finer and more complex in structure than the gross anatomy 
which normalization techniques were originally optimized for. Current techniques for normalisation of 
relatively low-resolution diffusivity images remain inadequate (21), and misregistration artefacts are 
likely. This may have two effects, depending on the complexity of the underlying anatomy. In less 
complex anatomical areas, any systematic differences in registration of white matter tracts between 
subject groups, as may occur because of volumetric or shape structural differences between groups, will 
cause an artefactual margin of increased statistical significance along misaligned high contrast borders. 
In more complex anatomical areas with narrow fibre bundles, misregistration across images will tend to 
minimise any significant differences between groups. Both effects are exaggerated by the smoothing 














Finally, accurate localisation of differences to specific tracts is difficult with VBA (13). Clusters identified 
by VBA methods seldom align neatly with white matter tracts, and may include parts of more than one 
tract. In areas where tracts cross each other and the architecture is complex, a single cluster will include 
mixed fibres from multiple tracts. Further difficulties in identifying affected tracts arise from the 
relatively low resolution of smoothed diffusivity images, coupled with normal anatomical variability. 
Resolving a cluster into component tracts is further hampered by relatively low detail in white-matter 
atlases (13). 
 
Tract-based spatial statistics (TBSS): methodology and limitations 
 
Tract-based spatial statistics (TBSS) aims to combine the strengths of tractography and voxel-based 
whole-brain approaches, while avoiding their weaknesses (14). Thus, it aims to reliably identify major 
white matter tracts and avoid partial volume and registration artefacts, while considering the whole-
brain in an unbiased operator-independent manner. 
 
TBSS makes use of the simplifying assumption that it is usually only the centre of WM tracts which we 
are interested in from a DTI perspective, and the FA values of tract peripheries can be ignored. Thus, the 
mask which we are interested in is effectivel  the central “skeleton” of all the white matter tracts. This 
skeleton is derived from an average FA image over all the subjects, after registration. Exact registration 
is not needed, as areas of poor registration between subjects will have high variance in the averaged 
image, and thus not form part of the skeleton. Also, smoothing is not necessary, which avoids partial-
volume effects. The white-matter skeleton is extracted from the averaged FA image by “non-maximum 
suppression”, leaving only the middle part of the tracts with highest average FA (14). Once this average 
skeleton template has been derived, the WM tracts in each subject’s images are projected 
perpendicularly onto the nearest part of the average WM skeleton. Thus one ends up with the centre of 
each tract in each subject’s diffusivity image perfectly aligned to an average WM skeleton. Peripheral 
non-maximal voxels of the WM tract have been discarded. Since all subject images are perfectly aligned, 














TBSS is useful for detecting alterations in FA in the middle of tracts where FA is highest. However, it is 
not able to investigate areas of WM peripheral to the larger tracts, where there is more likely to be fibre 
incoherence or crossing. However, it is possible that even central parts of WM tracts in one group may 
contain more crossed or incoherent fibres than the central parts from the comparison group. Therefore 
one cannot automatically assume that FA alterations are exclusively due to differences in myelination or 
axonal integrity. 
 
Summary of limitations of DTI analysis methods 
 
Each method of analysis has distinct limitations when localising changes in diffusivity to specific tracts. 
Traditional ROI studies frequently struggle to isolate tracts, are extremely sensitive to issues of ROI 
placement, and the results are seldom replicated. Tractography studies isolate individual tracts, but 
cannot tell if altered diffusivity is spread throughout the tract or localised to certain regions. In addition, 
they cannot place the findings in the context of the rest of the brain as they examine only specific 
regions at a time. VBA studies consider the whole brain at once and give insight into distribution of 
diffusivity alterations, but are subject to misregistration artefacts and struggle to accurately identify 
affected tracts. TBSS studies overcome many of these difficulties, but are limited to examining the 
“skeleton” of only the largest most anatomically consistent tracts. Hybrid methods, for example 
identifying significant clusters followed by tractography (72), provide useful insights but have yet to be 
replicated. 
